Abstract Leflunomide (LLM) is subjected to forced degradation under conditions of hydrolysis, oxidation, dry heat, and photolysis as recommended by International Conference on Harmonization guideline Q1A(R2). In total, four degradation products (I-IV) were formed under different conditions. Products I, II and IV were formed in alkaline hydrolytic, acidic hydrolytic and alkaline photolytic conditions. LLM and all degradation products were optimally resolved by gradient elution over a C 18 column. The major degradation product (IV) formed in hydrolytic alkaline conditions was isolated through column chromatography. Based on its
Introduction
Leflunomide (LLM), 5-methyl-N-(4-(trifluoromethyl)phenyl)isoxazole-4-carboxamide ( Fig. 1) , is a pyrimidine synthesis inhibitor belonging to disease-modifying antirheumatic drugs. It is used to relieve joint inflammation and pain in rheumatoid arthritis [1] . It is official in British Pharmacopoeia (BP) wherein eight impurities are reported in its monograph ( Fig. 1) [2] . International Conference on Harmonization (ICH) guideline Q1A(R2) requires characterization of all degradation products formed during forced degradation of a drug substance under varied chemical environments like hydrolysis, oxidation, dry heat and photolysis [3] . A few HPLC and LC-MS methods are reported in literature for determination of LLM, and its active metabolite [4] [5] [6] . A few specific stability-indicating HPLC methods for LLM are also available in literature [7, 8] . In addition, one method is known for determination of its related substances [9] . However, none of these reported studies have attempted to isolate and/or characterize degradation products of LLM. Moreover, no method has afforded simultaneous quantification of LLM and its degradation product(s). In the present study, we (i) conducted systematic forced degradation study on LLM under the ICH prescribed conditions, (ii) isolated and characterized a degradation product, and (iii) developed and validated a simple, sensitive and selective stability-indicating RP-HPLC-UV method for simultaneous quantification of LLM and the isolated degradation product.
Experimental

Drug and chemicals
LLM was procured from Cadila Healthcare Ltd. (Goa, India) as a generous gift sample. Sodium hydroxide (NaOH), hydrochloric acid (HCl), hydrogen peroxide (H 2 O 2 , 30%) and anhydrous ammonium acetate were purchased from Loba Chemical Pvt. Ltd. (Mumbai, India). Methanol and acetic acid (HPLC grade) were purchased from Merck Specialist Pvt. Ltd. (Mumbai, India). HPLC grade water was obtained from Direct Ultra water purification system (Bio-Age Equipment and Services, SAS Nagar, India) in the laboratory. LLM tablets (Lefumide-10, Batch No. J95242, Cipla Ltd., Goa, India) were purchased from a local pharmacy store.
Equipments
Hydrolytic and thermal forced degradations were carried out in high precision water bath and a hot air oven equipped with digital temperature control capable of controlling temperature within a range of 71 1C and 72 1C (Narang Scientific Works, New Delhi, India). Photo-degradation was carried out in a photostability chamber (KBF 240, WTB Binder, Tuttlingen, Germany) capable of controlling temperature and relative humidity (RH) within a range of 72 1C and 75%. The chamber was equipped with an illumination bank of light source as described in Option 2 in the ICH guideline Q1B [10] , and was set at a temperature of 25 1C and 55% RH. The forced degradation samples were analyzed on a Waters HPLC system consisting of binary pumps (515), dual wavelength detector (2487) and Rheodyne manual injector (Milford, MA, USA). The data were acquired and processed in Empower 2 software. The chromatographic separation was achieved on Kromasil C 18 (250 mm Â 4.6 mm; 5 mm) column. LC-MS-TOF studies were carried out in positive mode of electrospray ionization (þESI) on micrOTOF-Q mass spectrometer (Bruker Daltonics GmbH, Germany) controlled by microTOF control software ver. 2.0. The LC components comprised Agilent 1100 series LC system (Agilent Technologies Inc., CA, USA), controlled by Hystar (Ver. 3.1) software. The column in LC-MS study was the same as that used for LC-UV study. For characterization of product IV of LLM, the 1 H NMR spectra were recorded on a Bruker FT-NMR spectrophotometer (Bruker India Scientific Pvt. Ltd., New Delhi, India, 400 MHz) in DMSO-d 6 . Chemical shifts were reported in ppm (δ) relative to tetramethylsilane as an internal standard. FT-IR spectra were recorded using KBr disc with FTIR-spectrophotometer (Perkin Elmer, England).
Forced degradation study
For hydrolytic degradation, about 0.1 g of LLM was mixed separately with 100 mL of water, HCl solutions of varied strengths (0.1, 1, 2 and 5 M), and 0.1 M NaOH solution in volumetric flasks. Each flask was placed in the high precision water bath maintained at 85 1C for 8 h. For oxidative degradation, about 0.1 g of LLM was dispersed in 100 mL of 30% H 2 O 2 and placed at room temperature under dark for 24 h. Thermal degradation was carried out on solid LLM sealed in amber colored vials at 50 1C for 30 days. For photolytic degradation, 2 mL of a 0.1% (w/v) solution of LLM in acetonitrile was mixed separately with 3 mL of water, 0.1 M HCl and 0.1 M NaOH in transparent glass vials. These vials as well as the solid drug, spread as a thin layer, in a petri-dish, were exposed to the light in the photostability chamber. The samples were placed at a distance of about 23 cm from the light source for 14 days during which the total UV and white light exposure equaled about 200 Wh/m 2 and 1.2 million lx h, respectively. A parallel set of solid drug and drug solutions was kept in dark under the same temperature and humidity for the same period of time to serve as dark control.
HPLC method and sample preparation
LLM and its degradation products were optimally resolved on a Kromasil C 18 (250 mm Â 4.6 mm, 5 mm) column at ambient temperature (30 1C) with methanol (mobile phase A) and ammonium acetate (pH 5.0, 10 mM) (mobile phase B) flowing at a rate of 0.7 mL/min in gradient mode (0-21 min, A:B; 25:75%-21-22 min, A:B from 25:75% to 60:40%-22-50 min, A:B; 60:40%-50-51 min, A:B from 60:40% to 25:75%, 51-55 min, A:B; 25:75%). The injection volume and detection wavelength were fixed at 20 mL and 260 nm, respectively. Each degraded drug solution was diluted up to 10 times with a diluent. The acid and alkali hydrolyzed solutions were neutralized before dilution. The solid drug samples exposed to thermal and photolytic conditions were rendered into solutions (1 mg/mL) in a diluent before dilution.
LC-MS-TOF studies
The chromatographic conditions for the LC-MS-TOF study were the same as those for the HPLC method. The LC-MS-TOF study was carried out using þESI, ÀESI and APCI modes of ionization with dry heat temperature of 180 1C, capillary voltage of 4.8 kV, end plate offset voltage of À500 V, collision cell RF of 280.0 Vpp and nebulizer set at 1.2 Bar. The dry gas flow was set at 6.0 L/min. The data were recorded at ionization potentials of 10 and 15 V.
Isolation and characterization of product IV of LLM
Product IV was formed as a major degradation product, and it was isolated through normal phase column chromatography. For its generation, LLM (1.0 g) in 1 M NaOH in a 100 mL volumetric flask was heated at 85 1C. The solution was cooled to room temperature, neutralized with HCl solution, and extracted with ethyl acetate. The organic layer was dried over anhydrous sodium sulfate, and the solvent was recovered under reduced pressure to obtain a solid mass. The latter was chromatographed over a column of silica gel with dichloromethane and methanol in gradient mode. The elution was started with 100% dichloromethane. Polarity of the eluent was increased stepwise by methanol with its 1% increment at a time, i.e., using mobile phase composed of a mixture of dichloromethane and methanol in ratios of 99:1 followed by 98:2, 97:3, and so on going up to 90:10. The column was run with a minimum of 100 mL of each mixture of this mobile phase or till the analyte continued to elute with a particular mixture. The fractions containing product IV were pooled, and the solvent was recovered under reduced pressure. The solid residue so obtained was characterized through IR, 1 H NMR and mass spectral analyses.
Method validation
The method was validated in accordance with ICH guideline Q2 (R1) for both LLM and product IV [11] . Linearity was established by plotting calibration curves (n ¼3) using standard solutions of LLM and product IV in concentration range of 0.1-100 mg/mL in methanol. Intra-day precision was determined by analyzing (n ¼6) each of the three concentrations of LLM (0.1, 1.0 and 10 mg/mL) and product IV (0.5, 5 and 20 mg/mL) on the same day. Inter-day precision was evaluated by analyzing the same three concentrations on three different days. Method accuracy was evaluated as percent recovery (n ¼3) of three different concentrations of LLM and product IV from a degraded drug solution. Selectivity and specificity of the method towards LLM and its degradation products were established through study of resolution factor of each peak from the nearest resolving peak. LOD and LOQ were determined by the calibration curve method [11] . Subsequently, drug solutions of concentrations equal to the calculated LOD and LOQ were prepared and analyzed (n ¼ 10). Robustness of the method was determined by making small but deliberate changes in various chromatographic parameters of the optimized method. Standard solutions of LLM and product IV (10 mg/mL) were analyzed (n ¼3) at each varied chromatographic condition.
Recovery of LLM was calculated, and the change in retention time (RT) was noted vis-à-vis the optimized chromatographic conditions.
Stability study of LLM tablets
A blister pack of LLM tablets (Lefumide-10, label claim of 10 mg per tablet) was stored at 4 1C to serve as control. Each of the three strips of tablets was placed in a hot air oven (5072 1C) for one month, and in photolytic chamber as well as in dark for 14 days. A strip was also placed at room temperature (3073 1C) for one year. Solutions of tablets from each stability condition were prepared as follows: all 10 tablets from each blister pack were weighed, crushed and powdered separately. Tablet powder equivalent to 10 mg of LLM was suspended in 5 mL of methanol in a 10 mL volumetric flask. The contents were sonicated for 5 min, allowed to cool to room temperature, and the volume was made up with methanol. Each of the stock solutions was diluted with methanol to achieve a drug concentration of 10 mg/mL, and analyzed by the validated stability-indicating HPLC method. The drug content was calculated as mg per tablet.
Results and discussion
Forced degradation behavior
HPLC method as reported by Yeniceli et al. [5] was modified to resolve LLM and all its degradation products in a single run. No impurity was detected in LC-UV chromatogram of standard solution of LLM (Fig. 2) . LLM degraded to three products (I, II and IV) in 0.1 M NaOH (Fig. 2) and one minor product (III) in 5 M HCl. Products I, II and IV were also detected as minute peaks in alkaline medium under photolytic condition, which suggested that LLM was stable to photo-degradation, and its degradation in alkaline medium was dependent upon temperature. The drug remained stable in solution to hydrolysis in water, to photolysis in acid and in water, to oxidation, and in solid state to thermal and photolytic degradation. Hence, based on these results, the drug is found susceptible to acidic and alkaline hydrolytic conditions.
Isolation and characterization of degradation product
In order to characterize the degradation products (I-IV), a degraded drug sample was analyzed on LC-MS-TOF using þESI, -ESI and APCI techniques, but none of the degradation products was ionized by any of these techniques. Hence, the degraded sample was eluted by column chromatography wherein product IV was eluted with a mixture (93:7) of dichloromethane and methanol. No other product was isolated probably due to their low content in the sample. Product IV was isolated as white needle-shaped crystals, and its purity was found to be 98.7% as determined by HPLC analysis. 1 H NMR spectrum of product IV showed all signals similarly as noted in that of LLM (Table 1 and Supplementary Fig. 1 ). The only difference was that a signal at δ 9.06 due to -N¼CH-proton was absent, and a new signal at δ 5.47 appeared in the spectrum of product IV. It revealed that although p-disubstituted phenyl ring, amide linkage and methyl groups were present in product IV similar to LLM, the isoxazole ring might have undergone some chemical change(s) under alkaline hydrolytic conditions, which was responsible for the disappearance of the signal at δ 9.06 and the appearance of the signal at δ 5.47. Literature reports on chemical reactivity of isoxazole have revealed that isoxazole undergoes ring opening to generate a cyano-substituted enol product [12] . Based on these reports, product IV was proposed to be a cyano-enol product (Fig. 3) . Further, due to keto-enol tautomerism, the cyano-enol product IV can tautomerize to a cyano-keto product IV (Fig. 3) . In general, keto form is more stable, and it is also known that keto form predominates over enol form in an alkaline medium [13] . Hence, product IV was proposed to be a cyano-keto product. Conversion of LLM to cyano-keto product was supported by a comparative analysis of IR spectra of LLM and product IV. The IR spectrum of product IV showed vibrational bands at 2220 cm
which is a characteristic of -CN group, and a broad strong intensity band at 1700-1500 cm
, which is a characteristic of -C¼O group (Table 1 and Supplementary Fig. 2 ) [14] . The other vibrational bands were noted similarly as in IR spectrum of LLM. The additional signal at δ 5.47 amounting to one proton in 1 H NMR spectrum of product IV vis-á-vis LLM was attributed to the methine proton flanked by a cyano and two carbonyl groups. Based on these IR and 1 H NMR spectral data, and known behavior of isoxazole ring in alkaline medium, product IV was proposed to be 2-cyano-3-oxo-N-[4-(trifluoromethyl)phenyl]butanamide, which is incidentally mentioned as impurity B in BP (Fig. 1) . Finally, MS-TOF spectrum of product IV showed its [MþH] þ (parent) ion at m/z 271.0653, which matched very closely with theoretical accurate mass of parent ions of product IV as well as LLM. The fragment ions noted in MS-TOF spectrum of product IV were also noted in that of LLM ( Fig. 3 and Supplementary  Fig. 3 ).
Method validation
The method was linear for quantification of LLM and product IV in the concentration ranges of 0.1-10 mg/mL and 0.5-50 mg/mL, respectively. The mean (7SD) slope, intercept and correlation coefficient for LLM were found to be 4397.7 (746.785), 59.8 (746.8), and 0.9999 (70.001), respectively, whereas those for product IV were 0.616 (70.002), 0.102 (70.03), and 0.9996 (70.001), respectively. The LOD and LOQ were found to be 0.03 and 0.11 mg/mL, respectively, with relative standard deviation (RSD) values of 1.15% and 1.27% for LLM. The LOD and LOQ for product IV were 0.16 and 0.49 mg/mL, respectively, with RSD of 1.89% and 1.01%. Good-to-excellent recoveries of LLM (97.2-100.4%) and product IV (99.99-100.90%) at each fortification level were achieved with RSD less than 1.1% (Table 2) . It suggested that the method was sufficiently accurate for quantification of LLM and product IV. The method was found to be sufficiently precise with RSD for inter-day and intra-day precision being less than 1.7% (Table 2) . No significant variation in the calculated concentrations of LLM and product IV was observed on any day. It suggested that the method was sufficiently precise for determination of LLM and product IV. The method was found to be robust as % change in the calculated content, and change in RT of LLM and product IV was not significant (o5%) after deliberate changes in the method variables including detection wavelength , composition of mobile phase, pH of mobile phase, flow rate and column. Further, LLM and product IV peaks were resolved from their nearest peak with a resolution factor of 42, which established the method to be selectively stability-indicating.
Stability testing of LLM tablets
The method was applied successfully to stability testing of LLM tablets. No significant change in the content of LLM in the tablets exposed to varied conditions was noted. The drug peak in all stability samples was found to be pure and no additional peak was noted in any chromatogram. Hence, the tablets were found to be stable under all stability conditions.
Conclusion
LLM was subjected to various ICH prescribed forced degradation conditions. It was found to be unstable under alkaline hydrolytic, acid hydrolytic, and alkaline photolytic conditions but stable under all other conditions. An HPLC method was developed to resolve LLM and all its degradation products in a single run. The major degradation product (IV) formed upon alkaline hydrolysis was isolated through column chromatography, and was characterized through spectral analysis as a known impurity reported in BP. The method was validated by evaluating various validation parameters like linearity, precision, robustness and accuracy. The method was applied successfully for stability testing of commercially available LLM tablets under varied ICH prescribed conditions.
